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Abstract
Criterion data for total energy expenditure (TEE) in elite rugby are lacking, which prediction equations may not reflect 
accurately. This study quantified TEE of 27 elite male rugby league (RL) and rugby union (RU) players (U16, U20, U24 age 
groups) during a 14-day in-season period using doubly labelled water (DLW). Measured TEE was also compared to estimated, 
using prediction equations. Resting metabolic rate (RMR) was measured using indirect calorimetry, and physical activity level 
(PAL) estimated (TEE:RMR). Differences in measured TEE were unclear by code and age (RL 4369 ± 979; RU 4365 ± 1122; 
U16, 4010 ± 744; U20, 4414 ± 688; U24, 4761 ± 1523 Kcal day− 1). Differences in PAL (overall mean 2.0 ± 0.4) were unclear. 
Very likely differences were observed in RMR by code (RL 2366 ± 296; RU 2123 ± 269 Kcal day− 1). Differences in relative 
RMR between U20 and U24 were very likely (U16, 27 ± 4; U20, 23 ± 3; U24, 26 ± 5 Kcal kg− 1 day− 1). Differences were 
observed between measured and estimated TEE, using Schofield, Cunningham and Harris–Benedict equations for U16 
(187 ± 614, unclear; − 489 ± 564, likely and − 90 ± 579, unclear Kcal day− 1), U20 (− 449 ± 698, likely; − 785 ± 650, very 
likely and − 452 ± 684, likely Kcal day− 1) and U24 players (− 428 ± 1292; − 605 ± 1493 and − 461 ± 1314 Kcal day− 1, all 
unclear). Rugby players have high TEE, which should be acknowledged. Large inter-player variability in TEE was observed 
demonstrating heterogeneity within groups, thus published equations may not appropriately estimate TEE.
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Abbreviations
BMR  Basal metabolic rate
DLW  Doubly labelled water
DXA  Dual X-ray absorptiometry scans
FFM  Fat free mass
PAL  Physical activity level
RL  Rugby league
RMR  Resting metabolic rate
RU  Rugby union
TEE  Total energy expenditure
TEF  Thermic effect of feeding
Introduction
Rugby league (RL) and rugby union (RU) are high-
intensity intermittent team sports, with the addition of 
tackles and collisions (Johnston et al. 2014; Read et al. 
2017). During match play RL players typically cover a 
greater distance than RU players (Duthie et al. 2003; Twist 
et al. 2014), whereas RU players are usually involved in 
a greater number of static exertions (Cahill et al. 2013; 
Twist et al. 2014). During match play, 47 ± 12 collisions 
have been observed in RL players (Johnston et al. 2014) 
and 91 ± 19 static exertions in RU players (Roberts et al. 
2008). Tackle and collision-based activities within both 
codes of rugby, which occur during match play and train-
ing, have a high energy cost (Highton et al. 2017). As such, 
Communicated by Jean-René Lacour.
 * Deborah R. Smith 
 D.R.Smith@leedsbeckett.ac.uk
1 Institute for Sport, Physical Activity and Leisure, Leeds 
Beckett University, G19 Fairfax Hall, Headingley Campus, 
Leeds LS6 3QN, UK
2 Stable Isotope Biochemistry Laboratory, Scottish 
Universities Environmental Research Centre, East Kilbride, 
UK
3 Leeds Rhinos RLFC, Leeds, UK
4 Yorkshire Carnegie RUFC, Leeds, UK
5 The Rugby Football League, Leeds, UK
 European Journal of Applied Physiology
1 3
it is likely that rugby is associated with distinct energy 
expenditures compared to other non-contact team sports, 
such as soccer and basketball. However, criterion data of 
energy expenditure are lacking in rugby players.
Energy expenditure for senior RU players has been esti-
mated using SenseWare armbands during an in-season 
period, where forwards and backs expended 3800 ± 120 and 
3346 ± 120 Kcal day− 1, respectively (Bradley et al. 2015). 
However, total energy expenditure (TEE) may have been 
under-estimated, as the armbands could not be worn dur-
ing water based or contact activities. An alternative method 
of assessing energy expenditure is doubly labelled water 
(DLW). This non-invasive gold standard method accounts 
for all daily activities in free-living individuals (Schoeller 
1999; Westerterp 2017). In-season energy expenditure meas-
ured using DLW has only been previously reported in senior 
RL players (Morehen et al. 2016), with values reported to 
be 5,378 ± 645 Kcal day− 1, far greater than that previously 
reported in senior RU players (Bradley et al. 2015). While 
the energy expenditure of senior RL and RU players have 
been quantified using various methods, no study to date has 
reported the energy demands of academy rugby players.
Younger rugby players may have unique energy require-
ments, given the fact they are still growing and developing 
physically (Desbrow et al. 2014; Jones et al. 2017). Energy 
demands for 15–18 year olds are higher than at any other 
life-stage (COMA 1991). However, previous research in 
academy rugby players has demonstrated that some age 
groups may under-achieve energy demands for growth, mat-
uration and daily activity (Smith et al. 2016). Therefore, it 
is challenging to define the energy requirements of younger 
athletes, especially in a sport where the energy expenditure 
is unknown.
Energy requirements are often estimated using basal 
metabolic rate (BMR) (Schofield 1984) or resting metabolic 
rate (RMR) equations that take into account sex, age and 
body mass (Roza and Shizgal 1984), or fat free mass (FFM) 
(Cunningham 1991). Although the Schofield equation has 
been recommended as an estimate of BMR in adolescents 
(Desbrow et al. 2014), it has recently been suggested that the 
Cunningham and Harris–Benedict equations may provide a 
more reasonable estimate of RMR in athletes (ACSM 2016; 
Jagim et al. 2017). Although the latter were developed in 
healthy populations, these were non-athletic individuals and 
the age range did not include adolescents. The Schofield 
equation was also developed using non-athletic individu-
als, but included younger age groups. Consequently, these 
equations are not specific to individuals that frequently train 
and compete, thus have potential to over- or under-estimate 
metabolic rate. This may be due to differences in lean body 
mass (Jagim et al. 2017), which could be emphasised further 
for rugby players that have a greater body mass than other 
athletic populations (Santos et al. 2014).
Metabolic rate is often multiplied by a physical activ-
ity level (PAL) to predict TEE, which has been reported 
as 2.9 for RL players during an in-season period (Morehen 
et al. 2016). TEE consists of energy from metabolic rate, 
the thermic effect of feeding (TEF) and thermogenesis from 
activity, where the latter comprises of both exercise and 
non-exercise activity (ACSM 2016; Speakman and Selman 
2003). Previous studies have predicted TEE using a PAL of 
2.0 (Lundy et al. 2006) and 1.86 (Tooley et al. 2015), where 
estimated energy requirements were thought to be under-
achieved. However, Tooley et al. (2015) also accounted for 
the TEF which means that the PAL was adjusted. The energy 
demands for 15–18 year olds are higher than at any other 
life-stage (COMA 1991; Desbrow et al. 2014), thus growth 
and maturation of adolescent athletes may also increase 
TEE. Since sport and age specific nutrition recommenda-
tions are lacking, it is important to use criterion measures 
that account for all components of TEE, to better inform 
practise.
The purpose of this study was to quantify the mean daily 
energy expenditure of elite rugby players by code (i.e., RL 
and RU) and age (i.e., U16 vs. U20 vs. U24) over a 14-day 
in-season period, using the DLW method. A second aim was 
to compare measured to estimated TEE, using prediction 
equations within the different age groups.
Methods
Study design
A cross-sectional design was used to investigate the energy 
expenditure of 27 elite male English rugby players, over 
14-days. Data collection started approximately 6 months 
into the competitive season for both RL (June–July) and RU 
(March–April) players, where training exposure and match 
play was matched as best as possible (Table 1). Players were 
grouped by code (RL and RU) and age (U16, U20 and U24). 
All measurements explained below were undertaken on the 
day of the DLW bolus dose (day 0).
Participants
Characteristics of players and training exposure over 
the recording period are shown in Table 1. Players were 
recruited from a professional Super League RL club and 
their respective academy, and a professional Championship 
RU club and their respective Regional Academy. All acad-
emy (i.e., RL & RU) and RU senior players were classi-
fied as successful elite athletes, and RL senior players were 
world class elite (Swann et al. 2015). Ethics approval for 
the study was granted by Carnegie Faculty Research Ethics 
Committee, Leeds Beckett University. This was following 
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approval of the proposed ionising radiation exposure to both 
participants and operators, by a qualified medical physics 
expert and radiation protection advisor. Informed consent 
was obtained from all individual participants included 
in the study. Additionally, where appropriate, informed 
player assent and parental consent was obtained (for under 
18-year-olds).
Anthropometrics and body composition
Players were measured wearing lightweight clothing with 
jewellery removed. Height and body mass was measured 
using a stadiometer (Seca Alpha, Birmingham, UK) and 
calibrated scales (Seca Alpha 220, Birmingham, UK) to the 
nearest 0.1 cm and 0.1 kg, respectively. Dual X-ray absorp-
tiometry scans (DXA) were conducted on a fan-beam GE 
Lunar iDXA using standard and thick mode where play-
ers body thickness was > 25 cm. A trained technologist 
conducted and analysed all DXA scans following National 
Health and Nutrition Examination Survey recommendations 
as advised by the International Society for Clinical Densi-
tometry guidelines for patient positioning (Hangartner et al. 
2013). The primary outcome used from the DXA scan for 
this study was FFM, which was used for all relative calcula-
tions and where required in prediction equations.
Resting metabolic rate
Following the protocol of Matarese (1997) indirect calo-
rimetry was used to measure oxygen  (O2) consumption and 
carbon dioxide  (CO2) production. Players reported to the 
laboratory following an overnight fast and were asked to 
rest, but not sleep, in a supine position for 30 min prior to 
measurement of RMR. Wearing a sterile mask, attached to a 
metabolic cart (Vmax, Encore 29, USA), players were asked 
to breathe normally until a steady state was reached. This 
was determined after ~ 15 min, where a steady state was 
defined as a single 5-min interval, where the average minute 
 O2 consumption and  CO2 changed by less than 10%, and 
the average respiratory quotient changed by less than 5%. 
RMR was computed using the Weir (1949) equation. Data 
for one RL U16 player was omitted as he was uncomfortable 
completing this aspect of data collection.
Daily energy expenditure
TEE was measured over a 14-day period. Bolus loads of 
2H218O (DLW) determined by the method of IAEA (2009), 
were administered to players during their respective in-sea-
son period. A stock mixture of 2H2O (99 atom %) and  H218O 
(10 atom %) was prepared and mixed, from which individ-
ual doses of 66 g were prepared gravimetrically [based on 
0.12 g kg− 1 (99% 2H2O) and 1.8 g kg− 1  H218O (10%) of the 
largest body mass expected in the study]. Doses were cal-
culated to target an initial enrichment > 150 ppm in excess 
of 2H and 18O baseline. A dilution of the dose stock was 
also prepared to aid calibration of the mass spectrometer 
measurement.
Players collected 8 × 20 ml urine samples over the 14-day 
period. A baseline sample was collected immediately prior 
to the DLW bolus dose (day 0), and during the second void 
on days 1, 2, 3, 7, 12, 13 and 14. This allowed for mean val-
ues to be calculated, thus reducing analytical error. Players 
noted the date and time of sample collection, before handing 
these to the principal researcher in tightly sealed universal 
containers. All samples were filtered to an acellular state to 
comply with the Human Tissue Act and stored in cryovials 
at − 40 °C, before dispatching to the Stable Isotope Bio-
chemistry Laboratory, Scottish Universities Environmental 
Research Centre.
Isotopic abundance was measured by continuous-flow 
isotope ratio using mass spectrometry following gase-
ous exchange, for both isotopes (Prosser and Scrimgeour 
1995). Isotopic enrichments were calculated by subtraction 
Table 1  Characteristics of elite 
English rugby players, including 
typical training exposure during 
the 14-day in-season period
a Light day consisted of one resistance or one rugby training session
b Heavy day consisted of both resistance and rugby training sessions
c Rest days were when no training with the club was scheduled
Rugby union Rugby league
U16 (n = 5) U20 (n = 4) U24 (n = 4) U16 (n = 5) U20 (n = 5) U24 (n = 4)
Age (years) 15.6 ± 0.5 18.3 ± 0.5 23.0 ± 0.8 15.2 ± 0.8 17.6 ± 1.1 23.0 ± 1.8
Height (cm) 182.1 ± 7.5 178.1 ± 3.5 184.4 ± 3.2 180.8 ± 7.0 176.8 ± 3.8 184.7 ± 2.5
Body mass (kg) 85.4 ± 17.3 85.1 ± 8.3 99.4 ± 16.8 79.3 ± 17.1 87.6 ± 8.8 98.3 ± 4.8
Fat free mass (kg) 67.8 ± 5.0 68.9 ± 7.4 77.5 ± 7.5 62.2 ± 10.6 66.4 ± 7.3 82.1 ± 4.8
Light training  daysa 0–2 1–2 1–3 4 2 8–9
Heavy training  daysb 3–5 4–7 4 3 7 1
Rugby match 0–2 0–2 1 0–2 1 0–2
Rest  dayc 9–10 6–9 7–9 8 5 4
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of the pre-dose abundance in each case. 2H and 18O elimi-
nation rates were estimated from the gradient of the log 
transformed data and combined with total body water 
from the intercept of these plots, to estimate  CO2 produc-
tion rate. Schoeller’s equation was used to estimate TEE 
(Goran et al. 1994). The precision of isotopic enrichment 
was < 2 ppm for every measurement. The mean ratio of 
the tracer elimination rate was within normal range (1.336) 
and tracer enrichment remained above the minimum rec-
ommended at the end of the study, in every case (IAEA 
2009).
Estimation of energy requirements
Three prediction equations were used to estimate meta-
bolic rate; the Schofield equation (Schofield 1984), which 
is recommended for prediction of BMR in the UK popula-
tion (COMA 1991), the Harris–Benedict (Roza and Shiz-
gal 1984) and Cunningham (1991) equations. The latter 
have been reported to predict RMR more accurately in 
adolescent soccer players (De Lorenzo et al. 1999), and 
more recently have been recommended for use with ath-
letes (ACSM 2016). Finally, to estimate TEE, predicted 
metabolic rate was multiplied by the estimated PAL, 
derived from criterion measures (measured TEE divided 
by measured RMR).
Analyses of data
Data are presented as means ± standard deviation, and ana-
lysed by code (i.e., RL vs. RU) then consecutive age (i.e., 
U16 vs. U20 vs. U24). Further analyses, by code and age, 
were undertaken for RMR and TEE. Data for prediction 
equations were analysed by age group only, due to some 
equations using different calculations based on age and the 
small sample sizes when grouped by code and age.
For statistical analyses all data were log transformed to 
reduce bias. Effect sizes were calculated and interpreted as 
trivial (< 0.2), small (0.2–0.6), moderate (0.6–1.2), large 
(1.2–2.0), very large (2.0–4.0) or extremely large (> 4.0) 
(Hopkins et al. 2009). Magnitude based inferences were 
calculated for practical significance (Hopkins et al. 2009). 
The threshold used for the observed change was 0.2 (mean 
difference divided by between subject SD) (Deighton et al. 
2017). Magnitudes for the observed change, based on 90% 
confidence interval (CI), were most unlikely (< 0.5%); very 
unlikely (0.5–5%); unlikely (5–25%); possibly (25–75%); 
likely (75–95%); very likely (95–99.5%); or most likely 
(> 99.5%) (Hopkins 2007). Effects with CI crossing upper 
and lower boundaries of the smallest worthwhile differ-
ence (± 0.2), were described as unclear (Hopkins 2007).
Results
Table 1 shows player characteristics. Unclear differences 
for body mass and FFM were observed between codes [RL 
vs. RU: d = − 0.11 (− 0.75 to 0.53) and d = − 0.22 (− 0.86 
to 0.41), respectively]. Differences in body mass and FFM 
for U16 vs. U20 were unclear [d = − 0.37 (− 1.12 to 0.39) 
and d = − 0.33 (− 1.09 to 0.43)]. U24 players were very 
likely heavier than U20 players [d = − 1.17 (− 1.99 to 
− 0.35)], and most likely had a greater FFM [d = − 1.74 
(− 2.54 to − 0.93), respectively].
Resting metabolic rate and total energy 
expenditure
It was likely and very likely that RMR was greater for 
RL than RU players (Table 2). By age, RMR was unclear 
between consecutive age groups (Table  3). Relative 
to body mass, RMR and FFM were very likely greater 
for U20 than U24 players. Negligible differences were 
observed between RL and RU players for TEE (Table 2). 
Despite ~ 350–400 Kcal day− 1 differences between con-
secutive age groups (Table 3), differences in TEE were 
unclear due to large individual variation. The mean PAL 
was 2.0 ± 0.4 for all players and differences were unclear 
by code and age. Figure 1 summarises RMR and TEE for 
age groups by code.
Measured vs. predicted energy expenditure
To estimate TEE, all metabolic rate prediction equa-
tions were multiplied by the PAL of 2.0 observed in this 
study. When used to predict TEE, the Cunningham equa-
tion likely under-estimated for U16 players. Differences 
between TEE and the Schofield and Harris–Benedict 
equations for U16 players were unclear. The Schofield, 
Cunningham and Harris–Benedict equations likely, very 
likely and likely under-estimated TEE for U20 players, 
respectively (Fig. 2). Unclear differences were observed 
between the prediction equations and TEE for U24 players.
Discussion
This study quantified TEE of elite adolescent and sen-
ior RL and RU players over a 14-day in-season period, 
using the gold standard DLW method. Despite negligi-
ble differences in TEE and PAL by code or age group, 
measured RMR (absolute, relative to body mass and FFM) 
was greater for RL than RU players, and relative RMR 
was lower for U24 than U20 players. Prediction equations 
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under-estimated TEE measured by DLW in most cases, 
thus practitioners should consider this when supporting 
rugby players.
Mean TEE for RL U24 players in this study was 
~ 900 Kcal day− 1 less than that reported for senior RL 
players (Morehen et al. 2016), however, the range of TEE 
for our cohort (3452–6617  Kcal  day− 1) was similar to 
those reported by Morehen et al. (2016). Differences in 
the mean TEE may be due to training schedules, as play-
ers in this study had more rest days and less heavy training 
days. TEE for RU U24 players in the present study were 
~ 500–1000 Kcal day− 1 greater than previously reported 
mean data in senior RU players (Bradley et al. 2015). The 
Senseware armbands, used to assess the energy demands by 
Bradley et al. (2015) were unable to be worn during water 
based or heavy contact activities, therefore, it is likely that 
Table 2  Resting metabolic rate and total energy expenditure of elite English rugby league and rugby union players, during an in-season period
Data between groups are presented as Cohen’s d effect size (90% confidence intervals) and magnitude based inference
RMR RL (n = 13) RU (n = 13) RL vs. RU
Kcal day− 1 2366 ± 296 2123 ± 269 0.87 (0.22 to 1.53)
Very likely
Kcal kg day− 1 29 ± 3 24 ± 5 0.63 (− 0.02 to 1.28)
Likely
Kcal kg FFM day− 1 34 ± 4 30 ± 5 0.82 (0.17 to 1.4)
Likely
TEE RL (n = 14) RU (n = 13) RL vs. RU
Kcal day− 1 4369 ± 979 4365 ± 1122 0.01 (− 0.62 to 0.65)
Unclear
Kcal kg day− 1 50 ± 10 49 ± 9 0.12 (− 0.52 to 0.75)
Unclear
Kcal kg FFM day− 1 64 ± 14 61 ± 10 0.17 (− 0.46 to 0.81)
Unclear
PAL RL (n = 14) RU (n = 13) RL vs. RU
TEE:RMR 1.90 ± 0.36 2.07 ± 0.46 − 0.42 (− 1.07 to 0.23)
Unclear
Table 3  Resting metabolic rate and total energy expenditure of elite English rugby players from academy to senior level, during an in-season 
period
Data between groups are presented as Cohen’s d effect size (90% confidence intervals) and magnitude based inference
RMR U16 (n = 9) U20 (n = 9) U24 (n = 8) U16 vs. U20 U20 vs. U24
Kcal day− 1 2168 ± 353 2318 ± 335 2232 ± 221 − 0.43 (− 1.22 to 0.36)
Unclear
0.25 (− 0.55 to 1.05)
Unclear
Kcal kg day− 1 26 ± 5 27 ± 4 23 ± 3 − 0.16 (− 0.95 to 0.62)
Unclear
1.05 (0.24 to 1.86)
Very likely
Kcal kg FFM day− 1 33 ± 4 35 ± 5 28 ± 2 − 0.33 (− 0.11 to 0.46)
Unclear
1.42 (0.63 to 2.22)
Very likely
TEE U16 (n = 10) U20 (n = 9) U24 (n = 8) U16 vs. U20 U20 vs. U24
Kcal day− 1 4010 ± 744 4414 ± 688 4761 ± 1523 − 0.55 (− 1.31 to 0.22)
Unclear
− 0.19 (− 1.03 to 0.64)
Unclear
Kcal kg day− 1 50 ± 8 51 ± 9 48 ± 11 − 0.19 (− 0.96 to 0.58)
Unclear
0.38 (− 0.44 to 1.20)
Unclear
Kcal kg FFM day− 1 62 ± 8 66 ± 10 60 ± 18 − 0.37 (− 1.14 to 0.40)
Unclear
0.48 (− 0.35 to 1.31)
Unclear
PAL U16 (n = 10) U20 (n = 9) U24 (n = 8) U16 vs. U20 U20 vs. U24
TEE:RMR 1.91 ± 0.20 1.93 ± 0.33 2.14 ± 0.64 − 0.01 (− 0.80 to 0.78)
Unclear
− 0.32 (− 1.15 to 0.50)
Unclear
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TEE was under-estimated. The energy cost of repeated col-
lisions has been under-estimated by 45% when using similar 
microtechnology, which could result in an under-estimation 
of up to 528 Kcal in a full 80-min rugby match (Highton 
et al. 2017). The differences may also represent the recov-
ery demands (i.e., from exercise and impact-induced muscle 
damage) of rugby training and match play (Naughton et al. 
2017), which the Senseware would be unable to quantify.
Furthermore, U24 RL and RU players in the current study 
expended ~ 1200 Kcal day− 1 more than professional soccer 
players of a similar age (Ebine et al. 2002). Although the 
training schedule of the soccer players was not presented, 
Fig. 1  Resting metabolic rate and total energy expenditure in elite rugby players. Lines represent the mean and 90% confidence intervals
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it was described as a moderate training week with two 
games, which may have been more demanding than what 
was observed for the U24 players in this study. As such, 
the greater TEE observed in rugby players may be due to 
the energy demands and recovery costs of a collision-based 
sport, in addition to differences in body mass. The mean 
body mass of the U24 RL and RU players in the current 
study was ~ 30 kg more than the soccer players (Ebine et al. 
2002), which likely contributes towards the increased TEE. 
Consequently, it is important for practitioners working in 
rugby to consider the increased energy demands, in com-
parison to other sports that may be a result of a high body 
mass and the contact demands of the sport.
In-season TEE for U20 players was ~ 200 Kcal day− 1 less 
than basketball players TEE measured using DLW (Silva 
et al. 2013). Although the U20 players in this study has a 
greater body mass than basketball players (80.9 kg), our 
cohort had a lower FFM, trained less and played fewer games 
which may account for the lower TEE. Although it is chal-
lenging to make comparisons between sports, due to varying 
methodologies, the population specific TEE data reported in 
this study can be used as a reference by practitioners work-
ing with rugby players undertaking similar training and 
match play schedules. A limitation of the present study was 
that training load was not measured. Although this may not 
provide direct comparisons to other sports, it could be useful 
when making comparisons to studies that have attempted to 
measure TEE in rugby.
Research using the DLW method to measure TEE in U16 
athletes is lacking. TEE for U16 rugby players in the current 
study was 375 Kcal day− 1 greater than previously estimated 
for competitive male athletes (14.8 ± 2 years) (Carlsohn et al. 
2011). The U16 rugby players in this study had a greater 
body mass and FFM than the competitive athletes, and the 
methods used by Carlsohn et al. (2011) may have under-esti-
mated TEE due to reliance on self-reported physical activity 
and prediction equations to measure RMR. It is important 
to understand the energy demands of adolescent players, 
to ensure energy requirements for growth and maturation 
are met (Smith et al. 2016). More importantly, practitioners 
should appreciate the range in TEE within an age group and 
code, and adopt individualised nutrition support, to meet the 
unique requirements of individual players.
Despite similar TEE between all players, a greater RMR 
was observed in RL players, suggesting that TEF and activity 
thermogenesis was less than RU players. While the number 
of game days were similar for RL and RU players, training 
schedules differed, with RL players undertaking more train-
ing. Therefore, it would be expected that energy expenditure 
related to activity thermogenesis was greater in RL players, 
but this may have been reflected in the RL players greater 
RMR. Alternatively, activity thermogenesis may be greater 
in RU due to the energy demands from the greater number 
of collisions observed during match play when compared to 
RL players (Cahill et al. 2013; Twist et al. 2014). Due to the 
individual variability in body mass and FFM, mean differ-
ences were unclear, and therefore it remains unknown if this 
contributed towards RMR.
Fig. 2  Measured and predicted total energy expenditure in elite rugby 
players. Lines represent the mean and 90% confidence intervals
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RMR for U16 and U20 players was ~ 335 and 
~ 485  Kcal  day− 1 greater than soccer players 
(15.5–18.2-years-old) (De Lorenzo et al. 1999). Differ-
ences may be due to fewer training days and no games 
reported for the soccer players, in addition to a lower 
body mass and FFM than the RL and RU players in this 
study. U20 players RMR was also ~ 750 Kcal day− 1 greater 
than junior basketball players (Silva et al. 2013). Despite 
observing a greater body mass, U20 players had a lower 
FFM than the basketball players. As previously men-
tioned TEE was greater in the basketball players, which 
reflects the more demanding training and game schedule. 
The greater RMR observed in this study may be due to 
increased body mass or due to the recovery cost from the 
collision aspects of rugby.
RL and RU U24 players RMR was ~ 350 Kcal day− 1 
greater than senior RL players (Morehen et al. 2016). U24 
players in this study weighed more and potentially had a 
similar FFM to RL U24 players (lean mass was reported), 
suggesting overall body mass may contribute towards 
increased energy demands rather than FFM alone. Some 
research suggests that greater lean mass increases RMR 
(Speakman and Selman 2003). In this study, U24 players had 
a greater body mass and FFM (12.3 and 12.3 kg) than U20 
players, however, U20 players had a greater RMR when cal-
culated relative to body mass or FFM. Consequently, FFM 
alone may not be a good predictor of RMR in rugby players.
It is more likely that the RMR for players in this study 
may have been elevated above their habitual RMR (i.e., 
no recovery cost), as it was not possible to restrict play-
ers from training 48 h prior to data collection. Given the 
structure of an in-season training period, where there is a 
decrease in intensity of external loads alongside greater 
match play when compared with pre-season (Black et al. 
2017), it is unlikely a player will ever be in a completely 
rested state. RMR may increase by 5–10% for 36–48 h post-
resistance training (Speakman and Selman 2003). Due to 
collisions, muscle damage is observed for 72–120 h post-
match in rugby players (McLellan et al. 2011; Roe et al. 
2016), which provides a further contribution to increased 
RMR. Therefore, the reported RMR in this study may be a 
more representative measure during the in-season period for 
practitioners to consider when providing nutrition or physi-
ological support to athletes, although it is not a true rested 
physiological value.
A mean PAL of 2.0 ± 0.4 was observed for all players, 
which was lower than the 2.9 reported in senior RL players 
(Morehen et al. 2016). This may be due to a greater contri-
bution of RMR (390–441 Kcal day− 1) to TEE in present 
study. Although a similar PAL for male adolescent athletes 
has been estimated as 2.0 ± 0.3 (Carlsohn et al. 2011), meth-
ods that predict BMR and TEE were used which may have 
resulted in under- or over-estimation of the PAL.
On an individual basis, metabolic rate prediction 
equations multiplied by an observed PAL resulted in an 
under-estimation of TEE by 3153 Kcal day− 1 (RU U24 
Cunningham equation; Fig. 2) to an over-estimation by 
1130 Kcal day− 1 (RU U16 Schofield equation; Fig. 2). 
Desbrow et al. (2014) suggest using the Schofield equation 
as a guide to estimate BMR in adolescents. Despite similar 
means between measured RMR and predicted BMR using 
the Schofield equation, there was a large degree of vari-
ability, and therefore unclear differences were observed for 
U16 players. ACSM (2016) suggest that the Cunningham 
and Harris–Benedict equations may provide a better esti-
mate of RMR in athletes, than using alternative equations. 
However, the Cunningham equation under-estimated for 
U16 rugby players as a group (i.e., mean). All prediction 
equations under-estimated TEE for U20 players. Inter-
estingly, when observing individual data, all prediction 
equations over-estimated for two players. PALs used in 
practise are often based on data by Black (2001), which 
was derived from mean data of 151 athletes, not including 
team sport players. Therefore, the PAL used in this study 
was specific to this rugby population and more accurate 
than using typical reference data.
In conclusion, there was a large variation between indi-
viduals for TEE and negligible mean differences observed 
between RL and RU players. RMR was greater for RL 
than RU players, greater for U20 than U24 players, and 
greater than other non-contact team sports, suggesting 
that differences in training exposure and match play, and 
the collision aspect of rugby may elevate RMR beyond 
an individual’s habitual state during an in-season period. 
Metabolic prediction equations multiplied by a PAL based 
on rugby specific empirical data typically under-estimated 
TEE. The TEE measured in this study using the gold 
standard DLW method can be used as reference data for 
elite rugby players of different codes and ages, during an 
in-season training period. The range of measured RMR 
and TEE highlights the importance of practitioners work-
ing with players on an individual basis when providing 
sport science support.
Acknowledgements The study was designed by DRS, BJ and LCD; 
data were collected and analysed by DRS and TP; data interpreta-
tion and manuscript preparation were undertaken by DRS, BJ, LCD, 
RFGJK, LS and JOH. All authors approved the final version of the 
paper. The authors would like to thank all of the players and coaching 
staff involved in this project. Thanks are also due to Ms. Alexandra 
Small for her careful attention to detail in preparing samples for IRMS 
analysis at SUERC.
Author Contributions The study was designed by DRS, BJ and LCD; 
data were collected and analysed by DRS and TP; data interpreta-
tion and manuscript preparation were undertaken by DRS, BJ, LCD, 
RFGJK, LS and JOH. All authors approved the final version of the 
paper.
European Journal of Applied Physiology 
1 3
Compliance with ethical standards 
Conflict of interest The authors declare that they have no conflict of 
interest.
Open Access This article is distributed under the terms of the Creative 
Commons Attribution 4.0 International License (http://creativecom-
mons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
References
ACSM (2016) Nutrition and athletic performance. Med Sci Sports 
Exerc 48:543–568
Black CJ, Till K, O’Hara JP, Davidson J, Jones B (2017) Top secret 
training data? External training loads of a cup winning Eng-
lish Super League rugby league team. Int J Sports Sci Coach 
17479541–17711094
Bradley WJ, Cavanagh B, Douglas W, Donovan TF, Twist C, Morton 
JP, Close GL (2015) Energy intake and expenditure assessed 
‘in-season’ in an elite European rugby union squad. Eur J Sport 
Sci 1–11
Cahill N, Lamb K, Worsfold P, Headey R, Murray S (2013) The 
movement characteristics of English premiership rugby union 
players. J Sports Sci 31:229–237
Carlsohn A, Scharhag-Rosenberger F, Cassel M, Weber J, Guzman 
AdG, Mayer F (2011) Physical activity levels to estimate the 
energy requirement of adolescent athletes. Pediatr Exerc Sci 
23:261–269
COMA (1991) Dietary reference values for food energy and nutrients 
for the United Kingdom. Committee on Medical Aspects of 
Food Policy, Stationery Office, London
Cunningham JJ (1991) Body composition as a determinant of energy 
expenditure: a synthetic review and a proposed general predic-
tion equation. Am J Clin Nutr 54:963–969
De Lorenzo A, Bertini I, Puijia A, Testolin G, Testolin C (1999) 
Comparison between measured and predicted resting metabolic 
rate in moderately active adolescents. Acta Diabetol 36:141–145
Deighton K, King JA, Stensel DJ, Jones B (2017) Expanding the 
investigation of meaningful effects in physiology research. 
Future Sci. https://doi.org/10.4155/fsoa-2017-0057
Desbrow B, McCormack J, Burke LM, Cox G, Fallon K, Hislop M, 
Leveritt M (2014) Sports dietitians Australia position statement: 
sports nutrition for the adolescent athlete. Int J Sports Nutr Exerc 
Metab 24:570–584
Duthie P, Hooper (2003) Applied physiology and game analysis of 
rugby union. Sports Med 33:973–991
Ebine N et al (2002) Measurement of total energy expenditure by the 
doubly labelled water method in professional soccer players. J 
Sports Sci 20:391–397
Goran M, Poehlman E, Danforth E (1994) Experimental reliability 
of the doubly labeled water technique. Am J Physiol Endocrinol 
Metab 266:E510–E515
Hangartner TN, Warner S, Braillon P, Jankowski L, Shepherd J (2013) 
The official positions of the International Society for Clinical Den-
sitometry: acquisition of dual-energy X-ray absorptiometry body 
composition and considerations regarding analysis and repeat-
ability of measures. J Clin Densitom 16:520–536
Highton J, Mullen T, Norris J, Oxendale C, Twist C (2017) The unsuit-
ability of energy expenditure derived from microtechnology for 
assessing internal load in collision-based activities. Int J Sports 
Physiol Perform 12:264–267
Hopkins (2007) A spreadsheet to compare means of two groups. 
Sportscience 22–23
Hopkins W, Marshall S, Batterham A, Hanin J (2009) Progressive sta-
tistics for studies in sports medicine and exercise science. Med 
Sci Sports Exerc 41:3
IAEA (2009) Assessment of body composition and total energy 
expenditure in humans using stable isotope techniques. Inter-
national Atomic Energy Agency, Vienna
Jagim AR, Camic CL, Kisiolek J, Luedke J, Erickson J, Jones MT, 
Oliver JM (2017) The accuracy of resting metabolic rate pre-
diction equations in athletes. J Streng Cond Res. https://doi.
org/10.1519/JSC.0000000000002111
Johnston RD, Gabbett TJ, Jenkins DG (2014) Applied sport science 
of rugby league. Sports Med 44:1087–1100
Jones B, Till K, Roe G, O’Hara J, Lees M, Barlow MJ, Hind K 
(2017) Six-year body composition change in male elite senior 
rugby league players. J Sports Sci 36:266–271
Lundy B, O’Connor H, Pelly F, Caterson I (2006) Anthropometric 
characteristics and competition dietary intakes of professional 
rugby league players. Int J Sport Nutr Exerc Metab 16:199–213
Matarese LE (1997) Indirect calorimetry: technical aspects. J Am 
Diet Assoc 97:S154-S160
McLellan CP, Lovell DI, Gass GC (2011) Markers of postmatch 
fatigue in professional rugby league players. J Streng Cond Res 
25:1030–1039
Morehen JC et al (2016) The assessment of total energy expenditure 
during a 14-day in-season period of professional rugby league 
players using the doubly labelled. Water Method Int J Sport 
Nutr Exerc Metab 26:464–472
Naughton M, Miller J, Slater GJ (2017) Impact-induced muscle 
damage and contact-sport: aetiology, effects on neuromuscular 
function and recovery, and the modulating effects of adaptation 
and recovery strategies. Int J Sports Physiol Perform 28:1–24
Prosser SJ, Scrimgeour CM (1995) High-precision determination of 
2H/1H in  H2 and  H2O by continuous-flow isotope ratio mass 
spectrometry. Anal Chem 67:1992–1997
Read D et al (2017) Movement and physical demands of school and 
university rugby union match-play in England. BMJ Open Sport 
Exerc Med 2:e000147
Roberts SP, Trewartha G, Higgitt RJ, El-Abd J, Stokes KA (2008) 
The physical demands of elite English rugby union. J Sports 
Sci 26:825–833
Roe G, Till K, Darrall-Jones J, Phibbs P, Weakley J, Read D, Jones 
B (2016) Changes in markers of fatigue following a competitive 
match in elite academy rugby union players South African. J 
Sports Med 28:1–4
Roza AM, Shizgal HM (1984) The Harris Benedict equation reevalu-
ated: resting energy requirements and the body cell mass. Am 
J Clin Nutr 40:168–182
Santos DA et al (2014) Reference values for body composition and 
anthropometric measurements in athletes. PloS One 9:e97846
Schoeller (1999) Recent advances from application of doubly labeled 
water to measurement of human energy expenditure. J Nutr 
129:1765–1768
Schofield W (1984) Predicting basal metabolic rate, new standards 
and review of previous work. Hum Nutr Clin Nutr 39:5–41
Silva AM, Santos DA, Matias CN, Minderico CS, Schoeller DA, 
Sardinha LB (2013) Total energy expenditure assessment in 
elite junior basketball players: a validation study using doubly 
labeled water. J Streng Cond Res 27:1920–1927
Smith D, Jones B, Sutton L, King R, Duckworth L (2016) Dietary 
intakes of elite 14–19 year old English academy rugby play-
ers during a pre-season training period. Int J Sport Nutr Exerc 
Metab
 European Journal of Applied Physiology
1 3
Speakman JR, Selman C (2003) Physical activity and resting metabolic 
rate. Proc Nutr Soc 62:621–634
Swann C, Moran A, Piggott D (2015) Defining elite athletes: issues 
in the study of expert performance in sport psychology. Psychol 
Sport Exerc 16:3–14
Tooley E, Bitcon M, Briggs M, West D, Russell M, Cheng H (2015) 
Estimates of energy intake and expenditure in professional rugby 
league players. Int J Sports Sci Coach 10:551–560
Twist C, Highton J, Waldron M, Edwards E, Austin D, Gabbett TJ 
(2014) Movement demands of elite rugby league players during 
Australian national rugby league and European super league 
matches. Int J Sports Physiol Perform 9:925–930
Weir JdV (1949) New methods for calculating metabolic rate with 
special reference to protein metabolism. J Physiol 109:1–9
Westerterp KR (2017) Doubly labelled water assessment of energy 
expenditure: principle, practice, and promise. Eur J Appl Physiol 
117:1277–1285
